Abstract-A comprehensive study of the intrinsic reliability of a 1.4-nm (equivalent oxide thickness) JVD Si 3 N 4 gate dielectric subjected to constant-voltage stress has been conducted. The stress leads to the generation of defects in the dielectric. As the result, the degradation in the threshold voltage, subthreshold swing, gate leakage current, and channel mobility has been observed. The change in each of these parameters as a function of stress time and stress voltage is studied. The data are used to project the drift of a MOSFET incorporating JVD nitride at a low operating voltage of 1.2 V in 10 years. Based on these projections, we conclude that the increase in the Si 3 N 4 gate dielectric leakage current does not pose a serious threat to device performance. Instead, the degradation in the threshold voltage and channel mobility can become the factor limiting the device reliability.
Intrinsic Reliability Projections for a Thin JVD Silicon Nitride Gate Dielectric in P-MOSFET I. INTRODUCTION T HE equivalent oxide thickness of the gate dielectric in CMOS integrated circuits is expected to scale below 1.5 nm by the year 2004 [1] . The use of SiO thinner than 1.5 nm will not be feasible for some applications due to the high dielectric leakage current. The reliability requirements for the gate dielectric may impose an even stricter limit on the oxide scaling [2] . Several materials with higher dielectric constants are being investigated as possible replacements for SiO . High-materials such as Ta, Hf, and Zr oxides have recently attracted a lot of attention [3] [4] [5] . However, the instability of these materials during high-temperature processing steps remains a major challenge. Silicon nitride, on the other hand, can be easily integrated into CMOS processes and is likely to become the first material to be used as an alternative gate dielectric.
Transistors with nitride gate dielectrics as thin as 1.4 nm (equivalent oxide thickness) and a channel length of 80 nm have been successfully fabricated [6] . Good performance of these devices has been reported. However, it is still necessary to demonstrate good reliability of these devices before Si N can be confidently put forward as a replacement for SiO in the gate stack. Gate nitride reliability research has so far been primarily focused on examining the time-dependent dielectric breakdown (TDDB) [7] , [8] . A comprehensive TDDB study with area and The authors are with the Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, CA 94720 USA (e-mail: igorp@eecs.berkeley.edu).
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fractional scaling for silicon nitride has yet to be conducted. Nevertheless, long lifetime and high breakdown field for thin nitride dielectrics have been reported, thus indicating that hard dielectric breakdown might not present a serious concern for the reliability of the thin nitrides. It has also been noted that the reliability of the thin oxides is limited not by the TDDB but by the the time-dependent dielectric wearout (TDDW) effects, such as gradual increase in the gate leakage current [9] , [10] . One can expect that TDDW will also play a significant role in thin nitrides as well. This illustrates the need to investigate possible TDDW effects, such as stress-induced leakage current (SILC), shift, mobility, and subthreshold swing degradation for Si N .
It has been observed that the degradation of the SiO transistor characteristic due to both hot-electron stress [11] and Fowler-Nordheim stress (FN-stress) [12] typically follows a power-law dependence on time. In this paper, we found that the degradation in the gate leakage current , threshold voltage , subthreshold swing , and mobility in the transistors with jet vapor deposited (JVD) nitride follows the same kind of power-law dependence. Moreover, we propose a set of empirical models that describe the dependence of the device degradation rate on the FN-stress voltage. These models can be used to make extrapolations of dielectric wearout over a 10-year period under low operating voltages.
II. EXPERIMENT
The devices were fabricated by a LOCOS dual-poly CMOS process at UC Berkeley. The gate nitride was formed by jet vapor deposition [13] followed by an 800 C-5 min anneal in the ambient at Yale University. Results of the Auger depth profile analysis [13] show that the composition of the deposited film is uniform, without a distinct oxygen-rich interfacial layer. The relative atomic concentrations of Si, N, and O in the film are equal to 41%, 46%, and 13%, respectively. These numbers indicate that all the Si bonds are satisfied by either N or O, with 84% of those bonds being satisfied by the nitrogen atoms. While JVD material at hand is not technically a stoichiometric Si N , its low oxygen content clearly sets it aside from a class of gate dielectrics known as oxynitrides. Keeping this caveat in mind, we shall hereafter refer to the dielectric material as nitride or Si N . A quantum simulator [14] was used to extract the equivalent oxide thickness of 1.4 nm and the substrate doping concentration of cm from the C-V characteristic. The threshold voltage of long-channel P-MOSFETs is 0.45 V, which coincides with the value for an 80-nm gate-length device reported in [6] .
1530-4388/01$10.00 ©2001 IEEE Constant voltage FN-stress has been used in this study to predict the reliability of the gate nitride under low operating voltages. A stress voltage ranging from 2.7to 4 V was applied to the gate of m m p-MOSFETs, with the source, drain, and substrate grounded. This type of stressing should result in the realistic predictions of the gate dielectric reliability. This is because transistors in the integrated circuits are subjected to constant voltage stress rather than constant current stress and are typically biased into inversion rather than accumulation. The substrate series resistance is approximately 1 k and does not affect the results of the stress measurement as long as the magnitude of the stress voltage remains below 4 V. (The stress current at V is 50 A which corresponds to a 50-mV voltage drop across this series resistance.) Constant voltage stress was interrupted from time to time to allow the monitoring of the changes in the gate leakage current , threshold voltage , subthreshold swing , and transconductance as functions of stress time. Stress-induced leakage current (SILC) is defined here as the difference between the values of for a "stressed" and a "fresh" transistor. The value of SILC at V was used to quantify the increase in gate leakage current. The values of , , and were obtained from the drain current versus gate voltage -characteristics taken at a low drain bias mV . Transconductance values measured at -V were used to monitor the deterioration of the low field mobility due to stress-generated interface traps.
III. RESULTS
While it is not the purpose of this paper to determine the exact time to breakdown, we considered it necessary to present a limited amount of data to illustrate the behavior of the gate dielectric under FN-stress. Fig. 1 shows the evolution of the gate leakage current under constant-voltage stress. Stress at low gate biases of 2.7 V and 3 V leads to a very modest increase in the gate current known as SILC. Stress at higher gate biases of 3.3 V and 3.6 V leads to a more dramatic increase in the gate leakage current, sometimes referred to as soft breakdown. In practice, however, we do not detect any abrupt changes in the dielectric conductance and therefore are not able to distinguish clearly between SILC and soft breakdown. Furthermore, we have not observed a hard dielectric breakdown, characterized by an abrupt jump in conduction by a few orders of magnitude, in any of the samples stressed at gate biases as high as 4 V. The bottom curve in Fig. 1 shows no appreciable increase in the gate leakage current at 2.7 V for a total stress-charge fluence of C/cm . Now we shall turn to the main subject of this paper-a study the degradation in MOSFET parameters under constant-voltage FN-stress. Fig. 2 shows that the gate leakage current, , and all increase and decreases as the result of FN-stress. While the circuits are not expected to fail due to the gate nitride breakdown, the degradation in the device performance needs to be addressed. The degradation of the aforementioned parameters is commonly attributed to the creation of various types of traps in the gate dielectric. Thus, one might expect the changes in one of the parameters to be correlated to the changes in the other parameters. The changes in , , , and do indeed follow the same power-law dependence as shown in Fig. 3 . Furthermore, the same power-law dependence applies to the results obtained under both high ( 3.6 V) and low ( 2.7 V) stress voltages. This observation suggests that the following empirical model can be put forward. It would predict the degradation in MOSFET parameters at a low operating voltage as a function of time (1) Here denotes a MOSFET parameter (such as , for example).
is observed in Fig. 3 , the factor depends on the stress voltage, and denotes the absolute value of In these expressions, the stress voltage is measured in volts. The changes in the threshold voltage, transconductance, and subthreshold swing all have similar dependence on the stress voltage. This similarity can be attributed to the fact that the build-up of the interface traps is primarily responsible for the deterioration of these three parameters. In contrast, the changes in the gate leakage current have a different stress voltage dependence, because a different type of traps (bulk traps in this case) is primarily responsible for the increase in the gate leakage.
The International Technology Roadmap for Semiconductors predicts that, by the year 2004, when the equivalent oxide thickness of the dielectric will scale to below 1.5 nm, the circuit supply voltage will be between 0.9 and 1.2 V depending on the application. Clearly, the higher supply voltage imposes a stricter limit on the reliability.
V and sec (10 years) were used to project the degradation of the JVD nitride transistors. The results are summarized in Table I . The increase in the gate leakage current becomes negligible at low operating voltages due to the strong voltage dependence of as seen in (2) . The deterioration in other parameters might, to a degree, affect the device performance, but will remain well within the acceptable boundaries.
IV. DISCUSSION
The TDDW model for Si N presented in this paper resembles the TDDW model for SiO proposed earlier by Qian and Dumin [15] , which predicts that the number of traps generated by FN-stress follows an exponential dependence on the applied electric field and a power-law dependence on the stress time. Exponential dependence of trap generation rate on voltage can be explained by either a thermochemical reaction [16] or a voltage-driven process taking place in a dielectric [17] , [18] . Similar mechanisms are perhaps responsible for trap generation in SiO and Si N .
The origins of power-law dependence on time are uncertain. The hydrogen-atom diffusion model [19] has been proposed to explain the power-law dependence with . However, a range of values of from 0.2 to 0.75 has been observed. Instead, a simple statistical model could explain the power-law dependence of defect generation. 1 1 Suppose there is a certain number, N , of weak (strained) bonds in the dielectric layer and these bonds are broken under a constant voltage stress with a time constant . Then the number of defects generated over time t is 1N = N (1 0 e ). In this basic model, the number of traps generated is a linear function of time for t and saturates for t . In reality, however, various traps are likely to have different time constants . Although there is currently no clear physical evidence for any particular mechanism responsible for these different time constants, we believe that a number of mechanisms could be responsible. For example, the variations in the trap position within the dielectric and/or the fact that different bonds can be strained to different degrees might give rise to different time constants. Interestingly enough, regardless of what this distribution is, the number of traps generated is a power-law (or nearly a power-law) function of time. If one assumes a power-law distribution of , for example, (i.e., the number of weak bonds with time constants between and + d is K d ), it can be easily shown, by integration over all 's that the number of traps generated will also have a power-law dependence on time as The intrinsic reliability of a 1.4-nm (equivalent oxide thickness) JVD gate nitride has been investigated. It has been confirmed that thin JVD nitride is not susceptible to hard dielectric breakdown at low operating voltages. At the same time, a drift in MOSFET performance due to the FN-stress has been observed. A model that describes the degradation of the MOSFET parameters as a function of time and stress voltage has been proposed. This model allows the prediction of the device degradation operating under a low supply voltage over a long period of time. According to these projections, the degradation of the device performance remains well within the allowed range. Thus, from the reliability perspective, JVD nitride is a viable successor to SiO as the transistor gate dielectric.
